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(57) Abstract: An optical device which generates an optically variable image, the image being optically variable in that it varies 
according to the position of observation, is manufactured by dividing an optically invariable image into multiple pixels. Colour 
component values arc determined for each pixel. For each of the pixels of the optically invariable image, there is determined an 
associated pixel surface structure which has a threcKiimensional surface shape and curvature which is related via a mathematical 
of computer algorithm to the odour component values of the associated pixel in the optically invariable image, each pixel surface 
structure being an individual reflective or difTractivc surface structure which produces an observable optical effect. An assembly of 
the reflective or diffractive pixel surface structures is produced which when illuminated generates a plurality of observable optical 
effects winch combine to form an optically variable reproduction of the optically invariable image. 
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AN OPTICAL DEVICE AND METHODS OF MANUFACTURE 



Field of the Invention 

This invention relates to an optical device, and in particular to an optical 
5 device which, when illuminated by a light source generates one or more images 
which are observable from particular ranges of viewing angles around the 
device. The device may be used in a number of different applications, and it has 
particular application as an anti-forgery security device on banknotes, credit 
cards, cheques, share certificates and other valuable documents, 

10 

Background Art 

The new series of American Express US dollar travellers cheques, first 
issued in 1997, employs as an anti-counterfeiting feature a diffraction grating foil 
image of the American Express Centurion logo. When illuminated by a light 

15 source and the diffraction grating foil device is observed from different viewing 
angles the Centurion image appears to switch to an American Express box logo 
image. This optical variability of the device ensures that it is impossible to copy 
by normal photocopier or camera techniques. 

Diffraction grating devices which exhibit this variable optical behaviour 

20 are referred to as optically variable devices (OVDs) and their use as an anti- 
counterfeiting measure to protect valuable documents is continuing to grow. 
Examples of particular proprietary optically variable devices and applications to 
date include the EXELGRAM™ device used to protect the new series of 
Hungarian banknotes and American Express US dollar and Euro travellers 

25 cheques and the KINEGRAM™ device used to protect the current series of 
German and Swiss banknotes. The EXELGRAM™ device is described in US 
patent numbers 5,825,547 and 6,088,161 while the KINEGRAM™ device is 
described in European patents EP 330,738 and EP 105099, 

The KINEGRAM™ and EXELGRAM™ devices are examples of foil based 

30 diffractive structures that have proven to be highly effective deterrents to the 
counterfeiting of official documents. This class of optically diffractive anti- 
counterfeiting devices also includes the PIXELGRAM™ device that is described 
in European patent number EP 0 490 923 B1 and US patent number 5,428,479. 
PIXELGRAM™ devices are manufactured by producing a counterpart diffractive 



WO 02/091041 PCT/AU02/00551 

2 

structure wherein the greyness values of each pixel of an optically invariable 
image are mapped to corresponding small diffractive pixel regions on the 
P1XELGRAM™ device. In the PIXELGRAM™ device the greyness value of a 
pixel corresponds to the red (R ), green (G) and blue (B) colour values of the 
pixel in the case when all three values are made equal (i.e. R=G=B). 

In spite of their industrial effectiveness these foil based diffractive 
optically variable devices also represent relatively expensive solutions to the 
counterfeiting problem when compared to the more traditional security printing 
technologies such as watermarking and intaglio printing. The expensive nature 
of these technologies is due to the requirement for embossing the diffractive 
microstructure into a metallized plastic foil prior to the application of this foil onto 
the valuable document. 

Because the embossing of the OVD microstructure takes place in a 
specialised foil production facility external to the security printing works there is 
also the added problem and potential security risk if the high security foil 
supplies are lost or stolen in transit to the security printing plant. For these 
reasons security printers would prefer to have access to an OVD technology in 
the form of a specialised printing die that did not need to be applied as a hot 
stamping foil and could instead be directly printed onto the valuable document 
using specialised inks or lacquers in line with the normal intaglio printing 
process. 

International patent application PCT/AU99/00741 describes one 
approach to the problem of developing a three dimensional microstructure that 
can be directly embossed or printed onto a valuable document. In this 
application the method of manufacture of the device involves the contact 
printing of a transparent electron beam lithography generated greytone mask 
structure into a thick optical resist layer whereby the height of the exposed 
resist in a particular region of the image is directly related to the optical 
transparency of the greytone mask in that region and each pixel region of the 
greytone mask is mapped to a group of microstructure elements on the exposed 
resist surface. In the patent application PCT/AU99/00741 the structure of the 
greytone mask pixels is limited to arrays of transparent square apertures or 
transparent track elements of variable width and length within each pixel region. 
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This approach is able to generate relatively deep optical image 
microstructures when compared to diffractive devices and is an advance over 
previous greytone techniques based on single pixel masks such as in the paper 
by Reimer et al in "Proc. SPIE Vol 3226, Microelectronic structures and MEMS 
5 for Optical Processing III, Austin, Texas, 1997". However the variability of the 
surface profile of the device, and therefore the consequent optical variability of 
any image generated by the device, is limited by the requirement of having only 
one pixel parameter (the greytone value) in the optically invariable image relate 
to the geometrical characteristics of the three dimensional microstructure. In 
10 particular this one parameter limitation means that only the height of the 
microstructure is able to be controlled within each small region of the 
microstructure. 

The utility and applicability of the technology described in 
PCT/AU99/00741 is also further constrained by; (a) the requirement to limit the 

15 optical exposure geometry to a contact printing arrangement, (b) the 
requirement to limit the greytone mask pixel functions to arrays of transparent 
rectangular apertures or arrays of transparent track-like elements of variable 
width, (c) the need to have a significant number of high aspect ratio regions on 
the device and (d) the requirement to relate the transparency of each pixel 

20 region of the mask to the depth only of each corresponding pixel region on the 
device. Therefore both the geometrical surface characteristics and the method 
of manufacture of the device described in PCT/AU99/00741 are of limited utility 
in terms of industrial application. 

25 Summary of the Invention 

According to an aspect of the present invention, a more general and 
useful approach to the design of optically reflecting or diffracting microstructures 
is obtained by utilising colour component values (such as the red, green and 
blue values) of each pixel in the optically invariable image and relating these 
30 parameters via a mathematical or computer algorithm to the parameters 
required to define the geometrical surface shape properties of each small 
surface region of the three dimensional reflective or diffractive microstructure. 

Also more general approaches to the manufacture of such devices for 
particular applications are envisaged by: (1) considering more flexible optical 
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arrangements that allow for the additional option of projecting only the zero 
order of the light beam passing through the mask onto the thick resist substrate 
so that spurious diffraction effects inherent in the contact printing process are 
removed and exposure into the optical resist is then more directly related to the 
5 transparency variation within each small region of the greytone mask, (2) 
broadening the class of greytone mask structures to include transparent 
pixellated mask structures that use curvilinear diffraction grating elements within 
the pixel elements of the mask to provide a wider range of control over the 
intensity distribution of the forward transmitted beam through each pixel region 

10 of the mask, (3) including an alternative and lower cost approach for particular 
specialised applications based on micro-mechanical embossing of a 
polycarbonate surface to generate an array of sloping mechanical indentations 
in the surface that mirror the required surface profile resulting from a mapping of 
optically invariable picture elements to sloping reflective surfaces at various 

15 angles determined by the colour properties of the optically invariable picture 
elements, (4) extending the greytone mask technique to include X-ray exposure 
of the substrate in order to obtain reflective or diffractive devices of much 
greater depth of relief than can be obtained by exposure via radiation of visible 
or ultra-violet wavelengths and; (5) fabricating the reflective or diffractive 

20 surface relief structure directly by the use of shaped electron or ion beam 
systems in order to obtain finer scale reflective or diffractive devices that can 
also be used for X-ray imaging applications. The above described surface 
profiling technique based on the more general colour component value mapping 
technique and the much broader range of reflective or diffractive surface 

25 manufacturing methods have not been disclosed to date and these represent 
the main objectives of the present invention. 

According to a first aspect of the invention, there is provided a method of 
manufacturing an optical device which generates an optically variable image, 
the image being optically variable in that it varies according to the position of 

30 observation, the method including the steps of: 

dividing an optically invariable image into multiple pixels; 
determining' colour component values for each pixel; 
for each of the pixels of the optically invariable image, determining an 
associated pixel surface structure which has a three-dimensional surface shape 
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and curvature which is related via a mathematical or computer algorithm to the 
colour component values of the associated pixel in the optically invariable 
image, each pixel surface structure being an individual reflective or diffractive 
surface structure which produces an observable optical effect; and 
5 producing an assembly of the reflective or diffractive pixel surface 

structures which when illuminated generates a plurality of observable optical 
effects which combine to form an optically variable reproduction of the optically 
invariable image. 

According to a second aspect of the invention, there is provided an 

10 optical device providing an optically variable image, corresponding to an 
optically invariable counterpart image, the optical device including a pixellated 
reflective structure which is an assembly of reflective surface relief pixels and 
which when illuminated generates the optically variable image, the image being 
optically variable in that it varies according to the position of observation, 

15 wherein each of the reflective surface relief pixels is an individual reflecting 
surface structure, and wherein the optically variability is produced by differing 
angular orientations of the individual reflective surface relief pixels. 

According to a third aspect of the invention, there is provided an optical 
device providing an optically variable image, corresponding to an optically 

20 invariable counterpart image, including a pixellated reflective or diffractive 
structure which is an assembly of reflective or diffractive surface relief pixels 
and which when illuminated generates an optically variable image, the image 
being optically variable in that it varies when viewed from different observation 
positions, wherein each of the reflective or diffractive pixels is an individual 

25 reflecting or diffracting three-dimensional surface structure which is directly 
related via a mathematical or computer algorithm to the colour component 
values of associated pixels of the optically invariable counterpart image. 

According to a fourth aspect of the invention, there is provided a method 
of printing an optically variable image onto a document, including the steps of: 

30 (a) creating a printing plate which has on its surface an optically variable 
microstructure which has a depth of 15 microns or greater; 

(b) applying a layer of reflective ink to the document; 

(c) applying the printing plate to the ink on the document, thereby imprinting 
the microstructure into the surface of the ink; and 
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(d) applying a protective lacquer to the surface of the ink. 



PCT/AUO2/00S51 



Brief Description of The Drawings 

The invention will now be described in more detail by reference to the 
5 drawings. It is to be understood that the particularity of the drawings does not 
supersede the generality of the foregoing description of the invention. 

Figure 1 illustrates an optically invariable image for use in accordance 
with the present invention. 

Figure 1 B shows an enlarged detail of Figure 1 . 
10 Figure 2 lists the different coloured pixels in the image of Figure 1 . 

Figure 3 illustrates an example of a micro-surface structure in 
accordance with an embodiment of the invention. 

Figure 4 illustrates a mask element for generating the structure of Figure 

3. 

15 Figure 5 illustrates an optical arrangement for manufacturing optical 

devices according to an embodiment of the invention. 

Figure 6 illustrates different mask elements for use in accordance with an 
embodiment of the invention. 

Figure 7 shows examples of microstructure pixel elements according to 
20 an embodiment of the invention. 

Figure 8 shows a group of coloured optically invariable pixels matched 
with microstructure pixel elements according to an embodiment of the invention. 

Figure 9 illustrates artwork being mapped to microstructure pixels in 
accordance with an embodiment of the invention. 
25 Figure 10 illustrates artwork being mapped to diffractive microstructure 

pixels in accordance with another embodiment of the invention. 

Figure 11 shows the palette of diffractive pixels used in Figure 10. 
Figure 12 shows an electron or ion beam exposure system for use in an 
embodiment of the invention. 
30 Figure 13 shows a mechanical device for use in an embodiment of the 

invention. 

Detailed Description 
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The present invention relates to high security Optically Variable Device 
(OVD) microstructures and generalised reflecting or diffracting surface 
structures, particularly for non foil based applications where direct printing into 
the application substrate or direct reflection or diffraction from the replicated 
surface structure of the device is a specific requirement. Unlike foil based 
diffractive microstructures which require the microstructure to be embossed into 
a hot stamping foil prior to application onto the document substrate, these new 
specialised microstructure geometries have a particular application related to 
direct printing onto the document via the use of specialised inks and lacquers. 
In order to avoid problems associated with the thickness variations in the paper 
surface (e.g. due to paper fibre variations) the microstructure of the OVD 
incorporates surface relief variations of relatively large depth dimension (eg 15 
to 100 microns). 

Specific microstructures of interest include the class of Zero Order 
Reflective Optic (ZORO) devices. These multiplexed micro-mirror array devices 
use reflection rather than diffraction as their fundamental OVD mechanism, and 
a typical OVD microstructure of this type may contain up to one million micro 
mirror surface regions of dimensions 30 microns X 30 microns or less with each 
mirror surface region designed with predetermined angle and curvature 
properties according to the input picture information. In one aspect of the 
invention the origination of the device takes place via a multi-step process using 
a combination of electron beam lithography, plasma etching or wet chemical 
etching, photolithography and other specialised processes adopted from the 
semiconductor industry. Particular advantages of such ZORO devices include 
higher security and lower cost because all steps in the replication process take 
place within the security printing plant and there is no requirement for an off-line 
foil production facility. 

Figure 1 shows an example of an optically invariable image comprised of 
multiple picture elements or pixels defined by three colour values denoting the 
red (R), green (G) and blue (B) components of each pixel. In this example and 
the subsequent examples, RGB colour components are used, but it is to be 
understood that other colour components such as CMYK or HSB are equally 
usable. An enlarged detail of Figure 1 is shown in Figure 1B. 
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Figure 2 shows the finite set of independent (R,G,B) values that have 
been used to construct the image of Figure 1. This set of (R,G,B) values is 
referred to as the RGB palette of Figure 1. 

Figure 3 shows an example of an associated micro-surface structure 
5 corresponding to a particular element of a set of (R,G,B) values. In this case the 
micro-surface structure represent a micro-reflecting mirror structure and the R, 
G and B values of each optically invariable pixel determine the surface slope 
directions and degree of curvature of each of the corresponding micro reflecting 
mirror structures. The micro-surface pixel in this case is 30 microns in diameter. 
10 Figure 3 shows the micro-surface element itself, and the projection of the 
element onto the x-y plane. In this example, R=191, G=102 and B=51, and the 
equation of the reflecting surface element is given by: 
Z = (R/255)Y + (G/255)(X 2 + (B/255)Y 2 ). 
. The range of X and Y values is given by: -1.3<X<1.3; -1.3<Y<1.3. 
15 Figure 4 shows an example of a colortone mask pixel element that 

generates the micro-surface relief structure shown in Figure 3. In mathematical 
units, the maximum X and Y values in Figures 3 and 4 are given by Xm=1.3 and 
Ym=1.3. The edge length of each aperture element (shown by the black 
squares in Figure 4) is: 

20 D(XY) = 1 0f rOrm " 10 + g{Xml ~ X2) + gh{Ym% ~ Y% \ ' 

1 rYm + g{Xm 2 +bYm 2 ) J 

where r=R/255, g=G/255, and b=B/255! 

Exel co-ordinates (Xe,Ye), which use an address grid of 1024 x 1024 
exels to define the mask pixel area, are related to the X and Y co-ordinates by: 

Xe = (Xm + X)(512/Xm) and Ye = (Ym - Y)(512/Ym). 
25 In this example, there are 16 x 16 apertures within each mask pixel 

element, and the pixel has dimensions of 30 microns by 30 microns. Figures 3 
and 4 represent the micro-surface pixel palette element of the optically 
invariable RGB pixel palette element R=191, G=102 and B=51. 

Figure 5 shows an optical arrangement for manufacturing an optical 
30 device according to one aspect of the invention. In this optical arrangement UV 
light is allowed to pass through a transparent mask produced by electron beam 
lithography. After passing through the mask the optical arrangement ensures 
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that the light is then allowed to fall on and expose a surface comprised of 
photosensitive material, which in this case has a thickness of 30 micron. 

Figure 6 shows an example of a set of transparent pixel elements that 
can be used as a mask palette to construct a two dimensional mask containing 
5 a multiplicity of transparent mask pixels representing the optically invariable 
image. When the mask is placed in front of the optical arrangement shown in 
figure 5 and light of short wavelengths is allowed to pass through the mask and 
allowed to expose the thick optical resist substrate (shown also in figure 5) via 
the optical arrangement then, upon development of the resist substrate a 
10 reflecting surface configuration is obtained corresponding to the required 
surface relief structure. The four elements in Figure 6 use the same 
mathematical algorithm as Figure 4 although the apertures are shown here in 
white rather than black as in Figure 4. Different RGB values generate different 
light intensity distributions on the optical resist and therefore different pixel 
1 5 micro-surface geometries are formed after development of the optical resist. 

Figure 7 shows another example of a micro-surface palette function 
together with computer plots showing three pixel surface elements and their 
corresponding RGB parameter sets. 

Figure 8 shows a group of seven micro-surface palette elements 
20 belonging to the same family shown in Figure 7. RGB values and corresponding 
colour patches are also shown explicitly in Figure 8. 

Figure 9 shows the fundamental concept underpinning a key aspect of 
the invention. In Figure 9 the same mathematical algorithm used in Figures 7 
and 8 is used here to generate a small section of a surface microstructure 
25 corresponding to a small section of input artwork. In this example the small 
section of input artwork corresponds to a particular arrangement of 36 input 
artwork pixels corresponding to three elements of the RGB palette. 

Figure 10 shows a small section of a diffractive optical device according 
to the invention and corresponding to the mapping of a set of optically invariable 
30 pixels onto a corresponding set of diffraction grating microstructure elements. 

Figure 11 shows an example of a diffraction grating palette and 
corresponding RGB values for the optical device shown in Figure 10. In this 
case the micro-surface structure represent a micro diffraction grating structure 
and the R, G and B values of each optically invariable pixel determine the 
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micro diffraction grating average groove direction, spatial frequency and the 
curvature of the grooves within each of the corresponding micro diffraction 
grating structures. 

Figure 12 shows a schematic representation of an electron beam or ion 
5 beam exposure system whereby the distribution of electron or ion intensity on 
the resist substrate is determined by the distribution of red (R), green (G) and 
blue (B) colour values in the optically invariable image. This method of 
manufacturing an optical device according to the invention includes the steps 
of: 

10 (a) forming a layer of electron or ion beam beam resist of thickness 100 
microns or less on a conducting substrate, 

(b) exposing the resist layer to an accelerated electron or ion beam, said 
beam being of a gaussian or more general shape, in such a manner as to 
expose individual cellular or pixel regions of size 120 microns X 120 microns or 

15 less on the resist In a sequential order so that the continuous variation of 
electron or ion beam intensity within each pixel region is continuously and 
functionally related via a mathematical or computer algorithm to the red (R ), 
green (G) and blue (B) colour parameters of corresponding pixels within a 
counterpart optically invariable image that is stored in terms of an appropriate 

20 data format within the memory of a computer that is controlling, via 
appropriately programmed instructions, the exposure and scanning 
characteristics of said electron or ion beam, and 

(c) developing the resist layer, after exposure of all pixel regions is 
completed, to remove irradiated material in order to obtain a distribution of pixel 

25 surface relief profiles on the developed resist, wherein each pixel surface relief 
profile exactly matches the reflective or diffractive pixel surface properties 
required of each pixel region on the reflective or diffractive device. 

Figure 13 shows a mechanical device for producing an optical device 
according to the invention. The construction of this mechanical device includes 

30 the steps of : 

(a) constructing a thin metal needle-like element of diameter 500 microns or 
less wherein the tip of the needle has been sliced at an angle to the needle 
direct/on to create a sloping mirror-like surface; 
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(b) inserting the needle-like device into a mechanical holder attached to a 
mechanical arm that can move horizontally in both the x and y directions above 
a flat surface with the sloping surface of the needle positioned towards the flat 
surface with the mechanical arrangement having the ability to move vertically 

5 downwards under pressure and the mechanical arrangement also having the 
ability to rotate the needle about its own internal central axis at a predetermined 
angle of rotation; 

(c) attaching a heating element to the end of the needle that is away from 
the flat surface and arranging for the heating element to be able to generate a 

10 predetermined and controlled temperature at the other end of the needle; 

(d) connecting the mechanical device to a control device driven by a 
computer to allow the needle of the device to be heated to a predetermined 
temperature and moved to a sequence of (x,y) positions on the flat surface 
and then moved downwards under pressure so that the needle is able to be 

1 5 inserted into the surface of a flat polycarbonate sheet to a fixed depth and with 
a predetermined angle of rotation so that the angle of rotation of the needle and 
its depth of penetration into the polycarbonate sheet at a particular (x,y) 
position is a counterpart representation of the pixel RGB values at a 
corresponding (x,y) position within an optically invariable image stored in the 

20 memory of the computer. 

It is to be understood that various alterations, additions and/or 
modifications may be made to the parts previously described without departing 
from the ambit of the invention. 
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The claims defining the invention are as follows: 
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1. A method of manufacturing an optical device which generates an 
optically variable image, the image being optically variable in that it varies 

5 according to the position of observation, the method including the steps of. 
dividing an optically invariable image into multiple pixels; 
determining colour component values for each pixel; 
for each of the pixels of the optically invariable image, determining an 
associated pixel surface structure which has a three-dimensional surface shape 
10 and curvature which is related via a mathematical or computer algorithm to the 
colour component values of the associated pixel in the optically invariable 
image, each pixel surface structure being an individual reflective or diffractive 
surface structure which produces an observable optical effect; and 

producing an assembly of the reflective or diffractive pixel surface 
15 structures which .when illuminated generates a plurality of observable optical 
effects which combine to form an optically variable reproduction of the optically 
invariable image. 

2. A method of manufacturing an optical device according to claim 1 which 
20 includes the steps, of: 

(a) forming a pixellated partially optically transparent mask by electron beam 
lithography and plasma etching techniques wherein each pixel of the mask is in 
one to one correspondence with a corresponding pixel in the optically invariable 
image and the degree of optical transparency and the distribution of 

25 transparency within each mask pixel is directly related via the mathematical or 
computer algorithm to the colour component values of the corresponding pixel 
within the optically invariable image; 

(b) providing a substrate coated with a layer of optical resist material 
wherein the thickness of the resist is less than 100 microns; 

30 (c) projecting light through the mask onto the substrate coated with said 
thick layer of optical resist in such a way as to expdse the thick resist layer to a 
light intensity distribution corresponding to the pixel transparency distribution on 
the mask; and 
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(d) developing the exposed thick resist layer to remove irradiated resist 
material from the exposed regions to obtain resist thickness variations 
corresponding with surface relief variations required of pixel surface structures 
on the optical device. 

5 

3. A method of manufacturing an optical device according to claim 1 which 
includes the steps of: 

(a) providing a metal needle of diameter 500 microns or less wherein the 
needle has a tip which has one surface oriented at an oblique angle to the axis 

10 of the needle; 

(b) inserting the needle- into a mechanical holder attached to a mechanical 
arm that can move with at least two degrees of freedom (x,y) above a flat 
surface, with the tip of the needle projecting towards the flat surface, the 
mechanical arrangement moving the needle vertically downwards under 

15 pressure, the mechanical arrangement also rotating the needle about its own 
axis; 

(c) attaching a heating element to the end of the needle furthest from the tip, 
wherein the heating element generates a predetermined and controlled 
temperature at the tip of the needle; 

20 (d) connecting the mechanical device to a control device driven by a 
computer which moves the needle to a sequence of (x,y) positions on the flat 
surface and at selected positions moves the needle downwards under pressure 
so that the needle is inserted into the surface of a reflecting material such as a 
polycarbonate sheet to a fixed depth and with a predetermined angle of rotation 

25 so that the angle of rotation of the needle and its depth of penetration into the 
polycarbonate sheet at a particular (x,y) position is a counterpart representation 
of the pixel colour component values at a corresponding (x,y) position within the 
optically invariable image stored in the memory of the computer. 

30 4. A method of manufacturing an optical device according to claim 1 which 
includes the steps of : 

(a) forming a layer of electron or ion beam resist of thickness 100 microns or 
less on a conducting substrate, 



WO 02/091041 PCT/AU02/00551 

14 

(b) exposing the resist layer to an accelerated electron or ion beam, in such 
a manner as to expose individual pixel regions of size 120 microns X 120 
microns or less on the resist in a sequential order, wherein the electron or ion 
beam intensity is continuously varied and the degree and characteristics of 

5 intensity variation are functionally related via the mathematical or computer 
algorithm to the colour component parameters of corresponding pixels within 
the counterpart optically invariable image that is stored in an appropriate data 
format within the memory of a computer that is controlling, via appropriately 
programmed instructions, the exposure and scanning characteristics of said 
1 0 electron or ion beam, and 

(c) developing the resist layer, after exposure of pixel regions is completed, 
to remove irradiated material in order to obtain a distribution of pixel surface 
relief profiles on the developed resist, wherein each pixel surface relief profile 
exactly matches the reflective or diffractive pixel surface properties required of 

15 each pixel region on the optical device. 

5, A method of manufacturing an optical device according to claim 1 which 
includes the steps of; 

(a) forming a pixellated partially-X-ray-transparent mask by electron beam 
20 lithography techniques wherein each pixel of the mask is in one to one 

correspondence with a corresponding pixel in the optically invariable image, and 
the degree of X-ray transparency and the distribution of X-ray transparency 
within each mask pixel is directly related via the mathematical or computer 
algorithm to the colour component values of the corresponding pixel within the 
25 optically invariable image; 

(b) providing a substrate coated with a layer of X-ray resist material; 

(c) projecting an X-ray beam through the mask onto the substrate coated 
with the layer of X-ray resist in such a way as to expose the resist layer to an X- 
ray intensity distribution corresponding to the pixel X-ray transparency 

30 distribution on the mask; and 

(d) developing the exposed resist layer to remove irradiated resist material 
from the exposed regions to obtain resist thickness variations corresponding 
with surface relief variations required of pixel surface structures on the optical 
device. 
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6. A method according to any one of claims 1 to 5 wherein the pixel surface 
structures are squares or circles less than 1 mm X 1 mm in area and the 
maximum depth or height of each reflective pixel region is greater than 0.1 
microns. 

7. A method according to any one of claims 1 to 6 further characterised in 
that colour component values of each of the pixels of the optically invariable 
image are selected from a scale containing a pre-determined finite number of 
colour component values. 

8. A method according to claim 2 or claim 5 further characterised in that the 
pixel regions of the partially-transparent mask each consist of alternating 
opaque and transparent curved or straight lines of a finite thickness and the 
distribution of opacity within each mask pixel region is the means by which the 
light intensity distribution or X-ray intensity distribution is controlled on the resist 
layer in order to ensure that after development of the resist the shape of the 
remaining resist is in accordance with the reflective properties required of that 
region. 

9. A method according to claim 2 or claim 5 further characterised in that the 
pixel regions of the partially-transparent mask each consist of an array of 
transparent square, rectangular or circular apertures on an opaque background 
and the distribution of opacity within each mask pixel region is the means by 
which the light intensity distribution or X-ray intensity distribution is controlled on 
the thick resist layer in order to ensure that after development of the resist the 
shape of the remaining resist is in accordance with the reflective properties 
required of that region. 

10. A method according to any preceding claim further characterised in that 
said optical device is a durable metal master surface relief structure produced 
by electroplating an optical resist structure or an embossed polycarbonate 
structure. 
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11. An optical device providing an optically variable image, corresponding to 
an optically Invariable counterpart image, the optical device including a 
pixellated reflective structure which is an assembly of reflective surface relief 
pixels and which when illuminated generates the optically variable image, the 
5 image being optically variable in that it varies according to the position of 
observation, wherein each of the reflective surface relief pixels is an individual 
reflecting surface structure, and wherein the optically variability is produced by 
differing angular orientations of the individual reflective surface relief pixels. 

10 12. An optical device according to claim 11 which when illuminated 
generates two or more images which are observable from different ranges of 
viewing angles around the device, wherein a first group of reflective surface 
relief pixels contribute to the generation of a first image, and a second group of 
reflective surface relief pixels contribute to the generation of a second image. 

15 

13. An optical device providing an optically variable image, corresponding to 
an optically invariable counterpart image, including a pixellated reflective or 
diffractive structure which is an assembly of reflective or diffractive surface relief 
pixels and which when illuminated generates an optically variable image, the 

20 image being optically variable in that it varies when viewed from different 
observation positions, wherein each of the reflective or diffractive pixels is an 
individual reflecting or diffracting three-dimensional surface structure which is 
directly related via a mathematical or computer algorithm to the colour 
component values of associated pixels of the optically invariable counterpart 

25 image. 

14. An optical device according to any one of claims 11 to 13 further 
characterised in that the reflective or diffractive pixels are each square or 
circular in shape with an area less than 1 mm square and each having a 

30 maximum depth greater than 0,1 microns. 

15. An optical device according to any one of claims 11 to 14 further 
characterised in that an optically variable image observable after illumination of 
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the device varies from a positive tone image to the corresponding reverse 
negative image as the angle of observation is changed. 

16. An optical device according to any one of claims 11 to 15 wherein the 
5 observed images generated by the device upon illumination appear to contain 

one or more artistic patterns, line drawings, lettering, facial or portrait images or 
geometric patterns. 

17. An optical device according to any one of claims 13 to 16 wherein a first 
10 image is observed when the device is viewed from a first viewing direction and 

the first image switches to a second image when the viewing angle moves from 
the first direction to a second direction. 

18. An optical device according to any one of claims 1 1 to 17 which is used 
15 as a stamping die to emboss its surface relief structure into a paper or plastic 

substrate in order to replicate the reflective properties of the die on the paper or 
plastic substrate. 

19. An optica! device according to any one of claims 11 to 18 which is used 
20 as a printing device for the transfer of ink or lacquer onto a paper or plastic 

substrate in order to replicate the reflective or diffractive properties of the die 
onto the ink or lacquer layer transferred to the paper or plastic substrate. 

20. An optical device according to any one of claims 11 to 19 which is used 
25 as a security device on a document to protect the document from forgery or 

counterfeiting. 

21. An optical device according to any one of claims 11 to 20 wherein the 
reflective and/or diffractive structure of the device is replicated into a plastic film 

30 or metallised foil by embossing techniques and the embossed film or foil is 
attached adhesively to the surface of a commercial product or valuable 
document to protect the product or document from counterfeiting or forgery. 
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22. An optical device according to claim 11 or claim 13 wherein the pixeiiated 
reflective structure of the device contains an array of micro-mirror elements of 
size 30 microns by 30 microns or less with each mirror region having a 
maximum depth of between 15 and 30 microns; the angles of inclination of the 
5 pixel mirror elements vary throughout the device to produce an optically variable 
image upon illumination of the device; and each pixel mirror angle is determined 
via a mathematical or computer algorithm by the colour component values of 
the corresponding pixel of the optically invariable counterpart image of said 
optically variable image. 

23. An optical device according to any one of claims 11 to 22 wherein the 
optical device is used as an optical element in an imaging device operating in 
the infrared, visible, ultraviolet or X-ray wavelength regions of the 
electromagnetic spectrum. 

24. An optical device according to claim 19 wherein the microstructure of the 
device on the paper or polymer substrate is covered by a thin clear or 
transparent lacquer or polymer layer in order to protect the surface of the 
device from being replicated by casting or electroplating techniques. 

25. A method of transferring the microstructure relief of an optical device 
according to claim 18 or 19 wherein the microstructure of a stamping device or 
die is transferred to a paper, polymer or metal surface substrate by first 
stamping the paper, polymer or metal surface with a high pressure flat surface 
die to flatten the surface of the substrate before stamping the surface with the 
ink or lacquer coated microstructure. 

26. A method of printing an optically variable image onto a document, 
including the steps of: 

(a) creating a printing plate which has on its surface an optically variable 
microstructure which has a depth of 15 microns or greater; 

(b) applying a layer of reflective ink to the document; 

(c) applying the printing plate to the ink on the document, thereby imprinting 
the microstructure into the surface of the ink; and 
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(d) applying a protective lacquer to the.surface of the ink. 
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FIGURE IB 

Detail from figure 1 
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R = 0,G =0,8 = 255 
R = 0, G = 255, B = 255 

R = 51 , G = 255, B = 0 

« 

R = 255, G = 255, B = 0 
R = 255, G =0, B = 0 

R=204,G =0, B = 255 
R = 255, G =204, B = 0 

R = 0, G = 255, B = 204 

R = 204,G = 191, B = 240 

FIGURE 2 
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< 30 microns ► 



FIGURE 3 

Example of a micro-reflecting surface 
pixel corresponding to an RGB pixel 

of an optically invariable image. In 
this example R=191, G=102 and B=51 
and the equation of the reflecting 

surface element is given by; 

Z a (R/255)Y + (G/255)(X 2 +(B/255)Y 2 ) 

The range of X and Y values in the above 
figure is given by: 

-1.3<X<1.3 
-1.3<Y<1.3 
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FIGURE 4 

Colortone pixel corresponding to figure 3. 
In mathematical units the maximum X and Y values 
in figures 3 and 4 are given by Xm=1 .3 and Ym=1 .3. 
The edge length of each aperture element 
(shown by the black squares in the figure above) is: 
rr(Ym-Y>g(Xm2- X 2 ) + gb(Ym2- Y 2)l 

***** rVte + g(»n2 + bYh.2) J 

where r=IY255, g=G/255 and b=B>255 

Exel coordinates (Xe, Ye), which uses an address grid 

of 1024 X 1024 exels to define the mask pixel area, 

are related to the X and Y coordinates by: 

Xe = (Xm +X)(51Z0<m) and Ye = (Ym - Y)(512/Ym) 

In this example there are 16 X 16 aperturesiwithin each mask 

pixel palette element 

and the pixel has dimensions of 30 microns by 30 microns. 
Figures 3 and 4 represent the micro-surface pixel palette 
element and the corresponding mask pixel ipalette element 
of the optically invariable RGB pixel palette-element 
R=191,G=102andB=51. 
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High intensity 
UV radiation 
light source 



Colortone mask 
manufactured by 
electron beam 
lithography. 



Optical projection 
system for transferring 
optical intensity 
distribution from the mask 
plane to the optical resist. 



30 micron thick 

optical resist 

on wafer substrate 




FIGURE 5 
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R = 204( G=191, B=240 
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R = 191,0=191, B=191 



FIGURE 6 



Four elements of a colortone mask palette thai correspond to the 

.same mathematical algorithm as the pixel element of figure 4 except that 

the apertures here are white Instead of black as in figure 4. 

Different RGB values generate different light Intensity 

distributions on the optical resist and therefore different pixel micro-surface 

geometries are formed after development of the optical resist. 
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Elements of a Microsurface Palette 



4.6<x<4.6 
-4.6<y<4.6 





-4.6<x<4.6 
-4.6<y<4.6 



- 0.375 sinf^MZf) 
V 2 + 0.5 



•4.6<x<4.6 
-4.6<y<4.6 



z = 0.75 sin 



(x 2 + ly 2 ) 



2+1 



2v \ Example of a Colourtone Lithography 



Z = rsin 



microsurtace palette element function. 
\ 2 + b ' Th ~ - ^ coefflclents.here are given by 



r=RS55, g=G255 and b=B/255 
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FIGURE 8 
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FIGURE 10 
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FIGURE 11 
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Schematic of an electron 

beam wfting system 

s hewing the basic components 



FIGURE 12 
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Hp of embossing too) showing circular cross 
section inclined at an angle of 45 de^ees to 
j the normal. The tool rotates aboit is vertical 
I axts in discrete angular amounts related to the 
RGB value of the corresponding pixel 

In the Input optical V 
invariable image stored 
in the memory of the 4 
I computer controlling 



the movements of 
rthe embossing tool. 



Heated embossing tool 
moves in X, Y and Z directions 
under computer control 



Polycarbonate 
sheet 




FIGURE 13 
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